INTRODUCTION
============

A hallmark of eukaryotic cells is the compartmentalization of the genome by a double membrane bilayer called the nuclear envelope. The presence of a membrane barrier requires that cells have specialized mechanisms to facilitate communication between the nuclear interior and surrounding cytoplasm. This is accomplished in part by nuclear pore complexes, which facilitate the specific transport of large (\>∼40 kDa) macromolecules through the nuclear envelope ([@B3]). In addition, Linker of Nucleoskeleton and Cytoskeleton (LINC) complexes transduce mechanical forces across the nuclear envelope ([@B26]; [@B7]). Composed in vertebrates of an outer nuclear membrane (ONM) nesprin protein and an inner nuclear membrane (INM) Sad1, Unc84 (SUN)--domain protein, LINC complexes span the nuclear envelope and directly connect all the major cytoskeletal networks to the nuclear interior ([@B42]; [@B10]; [@B21]; [@B58]). The primary force-bearing element in the nucleus is the nuclear lamina. Closely associated with the INM, the nuclear lamina is a polymeric network of lamin proteins that provide structural integrity to the nucleus ([@B53]; [@B18]). Together LINC complexes and the nuclear lamina harness forces generated by dynamic cytoskeletal networks to drive nuclear positioning and chromosome movement during meiosis.

Vertebrate genomes have six different nesprin genes, which are defined by the presence of a C-terminal Klarsicht, ANC-1, and Syne homology (KASH) sequence. SYNE-1 and SYNE-2, which encode nesprin 1 and nesprin 2, respectively, are widely expressed and alternatively spliced to produce several different protein isoforms ([@B66]; [@B47]). The largest and most complex isoforms are nesprin1-giant (N1G) and nesprin2-giant (N2G). Both N1G and N2G contain \>50 spectrin repeats and an N-terminal actin-binding domain that extend from the ONM into the cytoplasm. The KASH peptide resides in the nuclear envelope lumen, where it binds to a SUN domain--containing INM protein ([@B57]; [@B61]). Five different SUN-domain proteins have been identified in vertebrates, of which only Sun1 and Sun2 are broadly expressed in somatic cells. No specificity has been demonstrated in the association of KASH peptides from different nesprins with Sun1 and Sun2, indicating that several distinct LINC complex types likely coexist within most vertebrate cell types ([@B58]; [@B57]).

Genetic analysis in mice revealed that related SUN-domain and nesprins proteins are at least partially redundant ([@B11]; [@B68], [@B67]; [@B34]). At the same time, different LINC complexes play specific roles in nuclear positioning. For example, LINC complexes composed of N2G and Sun2 are required for actin-dependent rearward nuclear movement in polarizing fibroblasts ([@B36]). In addition, nesprin 1 and nesprin 2 mediate nuclear clustering in skeletal muscle and nuclear migration in the retina and neocortex, respectively, and Sun2 is important to establish nuclear position in skin ([@B68], [@B64]; [@B63]; [@B59]).

LINC complexes also play important and specific roles in controlling actin dynamics during cell migration and cell adhesion ([@B32]; [@B33]; [@B20]; [@B58]; [@B28]; [@B36]; [@B14]; [@B29]; [@B6], [@B5]). How signals are transmitted from the nuclear envelope to the actin cytoskeleton and the identity of the cytoplasmic targets of these signals are not well understood. One possibility is that nesprin proteins in the ONM directly regulate actin dynamics in the cytoplasm. Alternatively, gene expression programs regulated by LINC complexes could indirectly control the actin cytoskeleton. Supporting this possibility are recent data showing that LINC complexes promote the activity of the transcription factor/coactivator complex composed of Serum-Response Factor (SRF) and Megakaryoblastic Leukemia 1 (Mkl1; also known as MRTF-A/Mal; [@B24]; [@B44]; [@B45]). SRF/Mkl1 target genes include actin isoforms, myosins, and numerous other actin-binding proteins that contribute to cell migration and contraction ([@B35]; [@B41]; [@B12]; [@B46]).

Mutations in LINC complexes cause several human diseases, including Emery--Dreifuss muscular dystrophy (EDMD; [@B65]; [@B25]; [@B37]). EDMD and the related dilated cardiomyopathy (DCM) are also caused by mutations in genes encoding lamin A and the INM protein emerin ([@B10]; [@B21], [@B22]; [@B62]; [@B24]). Cells isolated from EDMD and DCM patients and mouse models contain defects in nuclear morphology and nuclear position and in actin cytoskeleton organization ([@B32]; [@B33]; [@B20]; [@B58]; [@B14]). However, although nuclear defects are found in many cell types in vivo, the disease phenotypes manifest most severely in heart and skeletal muscle, which are critically dependent on the assembly of contractile actin structures called myofibrils for their development, function, and homeostasis. Thus, elucidating mechanisms of signaling to the actin cytoskeleton is critical to understanding the role of LINC complexes during development and in disease.

In tissue culture cells, the most prominent actin-based structures are contractile actomyosin bundles called stress fibers. Although rare in vivo, stress fibers resemble in structure and mechanism of assembly nascent myofibrils ([@B51]). As a result, stress fibers have been extensively used to identify and interrogate conserved signaling networks that regulate the actin cytoskeleton during cardiovascular development ([@B27]; [@B2]; [@B54]). Here we take advantage of this fact to interrgate the mechanisms of actin cytoskeleton regulation by LINC complexes. We show that a critical target of LINC complex signaling is the small GTPase RhoA. Strikingly, however, we find that Sun1 and Sun2 have opposing roles in regulating RhoA activity. Moreover, our data suggest that whereas changes in transcription are important for LINC complex signaling to RhoA, SRF/Mkl1 is not the primary target in this pathway. On the basis of these data, we propose that competition between different LINC complexes in the nuclear envelope directly affects actin dynamics through regulation of RhoA activity.

RESULTS
=======

Sun1 and Sun2 have opposing roles in regulating the activity of RhoA
--------------------------------------------------------------------

Focal adhesions are massive and dynamic protein assemblies that link cytoplasmic actin stress fibers to the extracellular matrix ([@B15]). Contractile forces applied by actin stress fibers alter the protein composition of focal adhesions ([@B43]; [@B31]). Thus we used changes in focal adhesion composition, which are easily assayed by immunofluorescence, as a simple and quantitative means to determine whether LINC complexes regulate the properties of actin stress fibers. Focal adhesion area and the relative levels of paxillin protein at focal adhesions were unchanged after small interfering RNA (siRNA)--mediated depletion of Sun1 or Sun2 in HeLa cells (Supplemental Figure S1, A and B). In contrast, vinculin recruitment to focal adhesions, which is highly force sensitive ([@B43]; [@B31]), was significantly increased after depletion of Sun1 ([Figure 1, A and B](#F1){ref-type="fig"}). The levels of vinculin at focal adhesions were not significantly changed in cells lacking Sun2 alone, but depletion of Sun2 suppressed the increase in vinculin recruitment to focal adhesions that was caused by depletion of Sun1. Expression of mouse Sun1 (mSun1) also suppressed the increase in vinculin recruitment to focal adhesions caused by depletion of endogenous Sun1, demonstrating the specificity of the siRNAs used in this experiment (Supplemental Figure S1, C--E). Thus Sun1 and Sun2 have opposing roles in focal adhesion assembly, which likely reflect a direct role for LINC complexes in establishing the contractile properties of actin stress fibers.

![SUN-domain proteins have opposing roles in regulating RhoA. (A) F-actin and vinculin visualized in HeLa cells treated with the indicated siRNAs. (B) Quantitation of vinculin levels at individual focal adhesions in HeLa cells. Data represent mean ± SEM from four independent experiments. (C) Western blot of total and active RhoA in extracts from HeLa cells treated with the indicated siRNAs. (D) Quantitation of Western blots in C. Data represent mean ± SEM from four independent experiments. Statistical significance was determined using one-way analysis of variance (ANOVA). \**p* \< 0.05. Scale bar, 5 μm.](182fig1){#F1}

A large family of RhoA GTPases cycle between an active, GTP-bound conformation and an inactive, GDP-bound conformation to control actin dynamics ([@B9]; [@B17]). RhoA activity is specifically rate limiting for stress fiber and focal adhesion assembly in tissue culture cells ([@B52]; [@B27]). We therefore used recombinant glutathione *S*-transferase--RhoA--binding domain (GST-RBD), which binds to only the GTP-bound form of RhoA, to measure RhoA activity in cell extracts lacking SUN-domain proteins ([@B49]). Depletion of Sun1 caused a 4.3-fold increase in RhoA activity relative to control cells ([Figure 1, C and D](#F1){ref-type="fig"}). Depletion of Sun2 alone had no affect on RhoA activity, but Sun2 was required to sustain the increase in RhoA activity in cells also lacking Sun1. Together these data suggest that the opposing roles of Sun1 and Sun2 in regulating focal adhesion assembly are transduced through RhoA. Moreover, our data suggest that Sun1 dominates signaling to the actin cytoskeleton in HeLa cells in their basal state. The function of Sun2 in this process, in contrast, only emerges after Sun1 has been depleted with siRNAs.

Sun2 LINC complexes are required for RhoA activation
----------------------------------------------------

SUN-domain proteins typically perform their functions in nuclear envelope--spanning LINC complexes. We therefore asked whether nesprins also regulate focal adhesion assembly in HeLa cells. We generated a stable HeLa cell line that expressed from a doxycycline-inducible promoter a dominant-negative form of N2G called SR-KASH, which lacks most of the cytoplasmic domains ([@B36]). An additional cell line was also created that expressed the mini-nesprin-2G (mN2G) protein, which contains the N-terminal actin-binding domain from N2G stitched onto the SR-KASH scaffold ([@B36]). Neither the SR-KASH nor mN2G proteins were detected in HeLa cells before induction of transgene expression. After doxycycline addition, both nesprin 2 truncations were easily detected and displaced endogenous nesprin 2 from the nuclear envelope (Supplemental Figure S2, A and B). Expression of SR-KASH or mN2G in control HeLa cells did not affect focal adhesion composition as determined by vinculin immunofluorescence ([Figure 2, A and B](#F2){ref-type="fig"}). However, since focal adhesions in cells lacking Sun2 alone or both Sun1 and Sun2 resemble those found in normal HeLa cells ([Figure 1, A and B](#F1){ref-type="fig"}), a change in vinculin levels at focal adhesions would only be expected to occur in this case if the SR-KASH or mN2G protein specifically disrupted Sun1 LINC complex function. We therefore focused our analysis on cells lacking Sun1. Expression of the SR-KASH or mN2G proteins suppressed the increase in vinculin recruitment to focal adhesions that was observed after depletion of Sun1 ([Figure 2, A and B](#F2){ref-type="fig"}). Moreover, the increase in GTP-bound RhoA in cells lacking Sun1 was eliminated by the expression of either the SR-KASH or mN2G protein ([Figure 2, C and D](#F2){ref-type="fig"}). Thus the SR-KASH and mN2G proteins effectively inhibited the ability of Sun2 to sustain RhoA activation and support increased vinculin recruitment to focal adhesions, indicating that Sun2 performs these functions in the context of LINC complexes. Of interest, mN2G was shown to be under tension and sufficient for Sun2 LINC complexes to mediate actin-dependent rearward nuclear movement in polarizing fibroblasts ([@B36]; [@B1]). Thus force transduction across the nuclear envelope and signaling to RhoA by Sun2 LINC complexes have distinct nesprin requirements.

![Sun2 LINC complexes promote RhoA activity. (A) F-actin and vinculin visualized in HeLa cells treated with the control or Sun1 siRNAs and expressing the indicated nesprin transgene. (B) Quantitation of vinculin levels at individual focal adhesions in HeLa cells. Data represent mean ± SEM from four independent experiments. (C) Western blot of total and active RhoA in extracts from HeLa cells treated with control or Sun1 siRNAs expressing the indicated nesprin transgene. (D) Quantitation of Western blots in C. Data represent mean ± SEM from four independent experiments. Statistical significance was determined using one-way ANOVA. \**p* \< 0.05; \*\**p* \< 0.01. Scale bar, 5 μm.](182fig2){#F2}

SRF/Mkl1-dependent gene expression is required for RhoA activation by Sun2
--------------------------------------------------------------------------

We considered two potential mechanisms for how LINC complexes could regulate focal adhesion assembly. First, they could signal directly from the nuclear envelope through the cytoplasm to RhoA. Alternatively, LINC complexes could regulate the transcription of genes that feed back to control RhoA activity. The best-described gene expression program important for focal adhesion assembly is driven by SRF/MKl1 ([@B55]). We therefore asked whether cells lacking Sun1 have increased levels of SRF/Mkl1 target gene expression. The mRNA levels of several SRF/Mkl1 target genes, including *VCL* (which encodes vinculin) and *SM22*, were increased after depletion of Sun1 as determined by quantitative PCR (qPCR; [Figure 3A](#F3){ref-type="fig"}). Sun2 depletion alone did not cause significant changes in *VCL* or *SM22* expression. Depletion of Sun2 did, however, suppress the increase in mRNA levels that was observed in cells lacking Sun1.

![SUN-domain proteins regulate SRF/Mkl1-dependent gene expression. (A) qPCR of Mkl1/SRF target genes using mRNA isolated from HeLa cells treated with the indicated siRNA. Data represent Mean ± SEM from four independent experiments. (B) qPCR of Mkl1/SRF target genes using mRNA isolated from HeLa cells treated with control or Sun1 siRNA in the presence or absence of DN-Mkl1. Data represent mean ± SEM from four independent experiments. Statistical significance was determined using one-way ANOVA. \**p* \< 0.05; \*\**p* \< 0.01.](182fig3){#F3}

The mRNA levels of *ACTB*, which is also a direct transcriptional target of SRF/Mkl1, were not affected by depletion of Sun1 ([Figure 3A](#F3){ref-type="fig"}), raising the possibility that SRF/Mkl1-independent mechanisms led to the changes in *SM22* and *VCL* expression in cells lacking Sun1. To test this possibility directly, we introduced into HeLa cells under control of an inducible promoter a dominant-negative form of Mkl1 (DN-Mkl1; [@B4]; [@B38]). When expressed, DN-Mkl1 did not significantly reduce *VCL* or *SM22* mRNA levels in control cells ([Figure 3B](#F3){ref-type="fig"}). DN-Mkl1 did, however, reduce the expression of *ACTB* by 2.2-fold. Thus, established target genes in HeLa cells have varying thresholds of sensitivity to SRF/Mkl1 activity, which likely accounts for the differential response of these genes to Sun1 depletion. Importantly, DN-Mkl1 eliminated the increase in *VCL* and *SM22* expression that was induced after depletion of Sun1 ([Figure 3B](#F3){ref-type="fig"}). Sun1 depletion also led to an increase in vinculin and Sm22 protein levels, which was reversed by expression of DN-Mkl1 (Supplemental Figure S3, A and B). Thus Sun1 inhibits SRF/Mkl1 activity in HeLa cells.

We next determined whether the increased expression of SRF/Mkl1 target genes was essential to stimulate focal adhesion assembly in cells lacking Sun1. As described earlier, vinculin recruitment to focal adhesions was significantly higher in cells lacking Sun1 than it was in control cells. No increase in vinculin at focal adhesions occurred, however, in cells lacking Sun1 after the expression of DN-Mkl1 ([Figure 4, A and B](#F4){ref-type="fig"}). Sun1 therefore limits focal adhesion assembly in part by repressing the expression of SRF/Mkl1 target genes.

![Mkl1 is required for focal adhesion assembly after Sun1 knockdown. (A) F-actin and vinculin visualized in HeLa cells treated with the control or Sun1 siRNAs without or with DN-MKl1. (B) Quantitation of vinculin levels at individual focal adhesions in HeLa cells treated as in A. Data represent mean ± SEM from four independent experiments. (C) Western blot of total and active RhoA in extracts from HeLa cells treated with control or Sun1 siRNAs without or with DN-MKl1. (D) Quantitation of Western blots in C. Data represent mean ± SEM from four independent experiments. Statistical significance was determined using one-way ANOVA. \**p* \< 0.05; \*\**p* \< 0.01. Scale bar, 5 μm.](182fig4){#F4}

RhoA is critical for Mkl1 localization to the nucleus and SRF/Mkl1 activity, and an increase in GTP-bound RhoA is believed to occur before the initiation of SRF/Mkl1-dependent gene expression in most contexts ([@B23]; [@B38]; [@B60]). Nevertheless, we found that DN-Mkl1 expression also eliminated the increase in GTP-bound RhoA that occurred in cells lacking Sun1 ([Figure 4, C and D](#F4){ref-type="fig"}). One interpretation of these data is that Sun1 in HeLa cells directly imhibits SRF/Mkl1 activity to suppress RhoA activation and focal adhesion assembly. Alternatively, a positive-feedback loop between RhoA in the cytoplasm and SRF/Mkl1 activity in the nucleus could be required for increased vinculin recruitment to focal adhesions. In this case, LINC complexes could target RhoA, SRF/MKl1, or both to regulate actin organization.

Transcription-independent control of stress fiber assembly by LINC complexes
----------------------------------------------------------------------------

To directly determine whether SRF/Mkl1 is the primary target of LINC complex signaling, we generated a HeLa cell line that expressed a constitutively active Mkl1 (CA-Mkl1) transgene under control of a doxycycline-inducible promoter ([@B4]; [@B38]). Our goal was to create a system in which SRF/Mkl1-dependent gene expression was no longer sensitive to LINC complex function. We began by first characterizing the response of HeLa cells to CA-MKl1 expression. Induction of CA-Mkl1 led to an increase in the mRNA and protein levels of numerous SRF/Mkl1 target genes, including *VCL*, *SM22*, and *ACTB* ([Figure 5, A and B](#F5){ref-type="fig"}). Of interest, qPCR revealed that *SUN2*, but not *SUN1*, mRNA levels were also significantly higher after CA-Mkl1 expression, suggesting that *SUN2* is a transcriptional target of SRF/Mkl1 ([Figure 5A](#F5){ref-type="fig"}). Moreover, we found that the levels of Sun2 protein were substantially higher in cells expressing CA-Mkl1 than they were in control cells ([Figure 5B](#F5){ref-type="fig"}). Sun1 protein levels, on the other hand, were not affected by CA-Mkl1 expression.

![CA-Mkl1 is insensitive to LINC complex function. (A) qPCR of Mkl1/SRF target genes using mRNA isolated from control and CA-Mkl1--expressing HeLa cells. Data represent Mean ± SEM from four independent experiments. (B) Western blot of indicated proteins in control and CA-Mkl1--expressing cells. (C) qPCR of Mkl1/SRF target genes using mRNA isolated from HeLa cells expressing CA-Mkl1 and treated with the indicated siRNA. Data represent Mean ± SEM from four independent experiments. (D, E) Western blot in control and CA-Mkl1--expressing cells treated with the indicated siRNAs. The dashed line in D represents where two regions from the same Western exposure were stitched together to omit two lanes that are not relevant to this study. Statistical significance was determined using one-way ANOVA. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.005.](182fig5){#F5}

We next determined whether CA-Mkl1 activity was refractory to regulation by LINC complexes. Depletion of Sun1 in control HeLa cells led to an increase in the expression of several SRF/Mkl1 target genes ([Figure 3, A and B](#F3){ref-type="fig"}). The mRNA levels of *VCL, SM22*, and *ACTB* were not different, however, between control and Sun1-depleted cells expressing CA-Mkl1 ([Figure 5C](#F5){ref-type="fig"}). Sun2 depletion also did not affect the expression of SRF/Mkl1 target genes, suggesting that CA-Mkl1 is not sensitive to LINC complexes that regulate endogenous SRF/Mkl1 activity. Of interest, Western blotting revealed that, whereas the levels of actin and SM22 were unaffected by depletion of SUN-domain proteins, vinculin abundance was dramatically reduced in cells expressing CA-Mkl1 after depletion of Sun2 ([Figure 5D](#F5){ref-type="fig"}). The failure to accumulate vinculin protein, but not mRNA, in CA-Mkl1--expressing cells lacking Sun2 suggested that LINC complexes have essential transcription-independent functions in focal adhesion assembly. To test this possibility directly, we visualized focal adhesions by immunofluorescence. CA-Mkl1 expression in HeLa cells induced the assembly of focal adhesions that were larger and had significantly higher levels of vinculin protein than in control cells ([Figure 6, A and B](#F6){ref-type="fig"}, and Supplemental Figure S4). The ability of CA-Mkl1 to drive these changes in focal adhesions was entirely dependent upon Sun2 ([Figure 6, C and D](#F6){ref-type="fig"}). Depletion of Sun1 alone with siRNAs did not affect focal adhesions in cells expressing CA-Mkl1. Sun1 depletion did, however, suppress the defects in focal adhesion assembly that were caused by the depletion of Sun2. Moreover, we found that total vinculin protein levels were restored to nearly normal levels in cells lacking both Sun1 and Sun2 ([Figure 5E](#F5){ref-type="fig"}).

![CA-Mkl1--induced focal adhesion assembly requires Sun2 LINC complexes. (A, B) Visualization and quantitation of vinculin levels at individual focal adhesions in control and CA-Mkl1--expressing cells. Data represent Mean ± SEM from four independent experiments. (C) F-actin and vinculin visualized in control and CA-Mkl1--expressing cells treated with the indicated siRNAs. (D) Quantitation of vinculin levels at individual focal adhesion after siRNA treatment. (E) Western blot of total and active RhoA in extracts from HeLa cells treated with the indicated siRNAs. (F) Quantitation of Western blots in E. Data represent mean ± SEM from four independent experiments. Statistical significance was determined using one-way ANOVA. \**p* \< 0.05; \*\**p* \< 0.01. Scale bar, 5 μm.](182fig6){#F6}

We also examined the dependence of RhoA activity on LINC complexes in cells expressing CA-Mkl1. In contrast to control cells, depletion of Sun1 did not lead to a significant increase in the levels of GTP-bound RhoA in HeLa cells that expressed CA-Mkl1 ([Figure 6, E and F](#F6){ref-type="fig"}). Sun2, however, was required to maintain RhoA activity in CA-Mkl1 cells; depletion of Sun2 in cells expressing CA-Mkl1 led to a 2.3-fold reduction in RhoA-GTP levels relative to control cells.

Together these data show that LINC complexes have opposing roles in the transcription-independent control of focal adhesion assembly, suggesting that direct signaling from the nuclear envelope to modulators of RhoA activity is critical for proper actin dynamics. Moreover, whereas the function of different SUN-domain proteins is similar in control and CA-Mkl1--expressing cells, there is a difference in the dominant LINC complex form in these two conditions. Specifically, in control cells, Sun1 acts to limit RhoA activation and focal adhesion assembly, whereas the function of Sun2 LINC complexes in promoting focal adhesion assembly is only revealed in cells lacking Sun1. In contrast, in CA-Mkl1--expressing cells, Sun1 does not appreciably regulate focal adhesion assembly or RhoA activity, whereas Sun2 is essential to promote both processes. In this case, the inhibitory role of Sun1 is only revealed after depletion of Sun2. The switch from a Sun1 to a Sun2 LINC complex dominant state coincides with the transcriptional induction by SRF/Mkl1 of *SUN2* expression. Thus it is likely the balance of different LINC complexes in the nuclear envelope that dictates the outcome of signaling to RhoA, and therefore, actin dynamics. To test this possibility directly, we overexpressed Sun2 in HeLa cells. Sun2 overexpression alone, however, was not sufficient to stimulate vinculin recruitment to focal adhesions or increase SRF/Mkl1-dependent gene expression, suggesting that additional proteins are also necessary to overcome the inhibitory function of Sun1 (Supplemental Figure S5, A and B).

DISCUSSION
==========

We show here that different LINC complexes have opposing roles in the transcription-independent regulation of focal adhesions and RhoA activity in HeLa cells and propose, based on these data, a model for how LINC complexes regulate actin dynamics ([Figure 7](#F7){ref-type="fig"}). A key feature of our model is that Sun2 LINC complexes signal from the nuclear envelope through the cytoplasm to increase the pool of active RhoA. RhoA, in turn, directly promotes actin stress fiber and focal adhesion assembly and initiates an SRF/Mkl1-dependent positive feedback loop that further amplifies RhoA activity. Sun1 antagonizes this network, perhaps by inhibiting Sun2 LINC complexes in the nuclear envelope. Of importance, a critical target of SRF/Mkl1 in the positive feedback loop is *SUN2* itself, which is required to tilt the balance of LINC complex activity to favor RhoA activation.

![Working model for the regulation of actin organization by LINC complexes (see the text for details).](182fig7){#F7}

How do Sun2 LINC complexes promote RhoA activation?
---------------------------------------------------

LINC complexes have been shown to be required for proper actin organization in a number of cell types ([@B32]; [@B33]; [@B20]; [@B58]; [@B14]; [@B29]). The targets and mechanisms of LINC complex signaling, however, have not been defined. Our data suggest that Sun2 LINC complexes promote RhoA activation, which induces the increased assembly of focal adhesions in tissue culture cells. Moreover, by constructing cell lines that contained DN-Mkl1 or CA-Mkl1 transgenes, we showed that whereas SRF/Mkl1 activity is essential for focal adhesion assembly, other activities are likely the primary targets of Sun2 LINC complexes in this signaling network. We therefore propose that Sun2 LINC complexes signal through the cytoplasm to increase RhoA-GTP levels by stimulating the activity of one or more RhoA guanine-nucleotide exchange factors (GEFs). Sun2 LINC complexes could stimulate GEF activity in a manner that is analogous to integrins within focal adhesions, which both transduce actin-dependent forces across the plasma membrane and act as force-sensitive signaling platforms that feed back to amplify RhoA activity ([@B19]). Alternatively, Sun2 LINC complexes could indirectly control actin organization through the microtubule cytoskeleton. Extensive cross-talk between microtubule and actin networks has been demonstrated, including a requirement for microtubules to promote focal adhesion turnover ([@B13]). Microtubules are also known to limit the levels of active RhoA in HeLa cells by inhibiting GEF-H1 ([@B50]; [@B30]; [@B8]). We did not find any evidence for altered microtubule organization in HeLa cells lacking SUN-domain proteins by immunofluorescence (unpublished data). A more detailed analysis, however, is likely required to address this possibility.

The specific nesprin protein that functions with Sun2 to promote stress fiber assembly in HeLa cells has not been identified, although several lines of evidence suggest that nesprin 2 is likely to be important in this process. N2G interacts with both actin filaments and microtubule motor proteins and is expressed in HeLa cells, whereas nesprin 1 is not ([@B48]). Loss-of-function approaches are unlikely to reveal a direct role for nesprin 2 in our system, however, because control cells and cells that lack both Sun1 and Sun2 appear similar using several critical readouts of signaling to the actin cytoskeleton, including RhoA-GTP levels, SRF/Mkl1-dependent gene expression, and focal adhesion composition ([Figures 1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}). Thus it would be difficult to discern a role for N2G, or any other nesprin protein in regulating actin dynamics if it was important for the function of both Sun1 and Sun2 LINC complexes. The use of dominant proteins that contain specific cytoplasmic domains will likely be essential to dissect the contribution of individual nesprins to the transcription-independent control of actin stress fiber assembly. Our initial studies using this approach demonstrated that the actin-binding domain of nesprin 2 is not sufficient to support Sun2 LINC complex function. Other nesprin domains are therefore minimally required for RhoA activation by Sun2 LINC complexes in HeLa cells.

The identification of minimal nesprins capable of supporting Sun2 LINC complex functions will also be essential to clarifying our understanding of the relationship between Sun1 and Sun2 in this system. Our data indicate that a critical target of CA-Mkl1 in promoting focal adhesion assembly is *SUN2*, which, we suggest, tilts the balance of LINC complex activity in the nuclear envelope to a state that favors RhoA activation. Overexpression of Sun2 was unable, however, to overcome the inhibitory affect of Sun1. Thus other targets of SRF/MKl1 are necessary to stimulate signaling to the actin cytoskeleton. Of interest, *SYNE2*, which encodes nesprin 2, has been identified as a direct transcriptional target of SRF/Mkl1 ([@B12]). Moreover, the quantitative analysis of global protein abundance in HeLa cells revealed that whereas Sun1 and Sun2 proteins are present at similar levels, nesprin 2 and nesprin 3 are ∼100-fold less abundant ([@B39]). Thus simply overexpressing Sun2 is unlikely to significantly increase the concentration of Sun2-LINC complexes in the nuclear envelope. It will be interesting to determine whether cooverexpression of a functional nesprin minigene and Sun2 is sufficient to the overcome Sun1 inhibition.

How do Sun1 LINC complexes inhibit Sun2 LINC complexes?
-------------------------------------------------------

Both overlapping and unique functions for Sun1 and Sun2 were previously defined. This is, however, to our knowledge, the first demonstration that SUN-domain proteins in the INM have opposing roles in a biological process. Establishing how Sun1 inhibits RhoA activation will therefore be critical to understand the mechanisms that control actin dynamics in HeLa cells. Our data suggest that Sun1 inhibits stress fiber assembly by limiting the activity of Sun2 LINC complexes in the INM. One possibility is that Sun1 acts as a nesprin sink, sequestering a limiting pool of KASH peptide--containing proteins away from Sun2. No direct comparison of the affinity of the SUN domains from Sun1 and Sun2 for KASH peptides has been described ([@B56]). An autoinhibitory interaction between the coiled-coil and SUN domains of Sun2 has recently been demonstrated ([@B40]), however, which could bias the binding of KASH peptides toward Sun1 in cells that express both SUN-domain proteins. An alternative but related possibility is that Sun1 and Sun2 compete for binding to other critical interacting proteins, such as lamins or INM proteins.

It is important to note that the relationship between Sun1 and Sun2 in regulating RhoA activity outlined in our model, although wholly consistent with the data obtained using control HeLa cells, is not strictly supported by our results in cells expressing CA-Mkl1. Specifically, we show that depletion of Sun1 in cells expressing CA-Mkl1 suppressed the defects in focal adhesion assembly that were present in cells also lacking Sun2, which is not predicted by our model. Thus Sun1 may inhibit signaling to the actin cytoskeleton by multiple, independent mechanisms. In support of this possibility, we found that the modest overexpression of Sun1 did not affect focal adhesions but did reduce SRF/Mkl1 transcription (Supplemental Figure S5). Alternatively, these data could be a by-product of the fact that CA-Mkl1 expression leads to a substantial increase in Sun2 levels, resulting in sufficient levels of Sun2 even after siRNA-mediated knockdown to support RhoA activation.

An additional consideration relevant to our model is how Sun1 and Sun2 assume redundant, specific, or opposing functions, depending on the cellular and developmental context. Although many possibilities could account for these behaviors, including differences in the levels of expression of various LINC complex proteins or posttranslational modifications, it is noteworthy that numerous alternative spliced isoforms of Sun1 have been identified ([@B16]). Thus some isoforms of Sun1 could be redundant with Sun2, whereas others may have unique or inhibitory functions, and we are exploring this possibility.

Implications for LINC complex function in health and disease
------------------------------------------------------------

Exploring the mechanisms of stress fiber and focal adhesion assembly in tissue culture cells was critical to discovering the molecular functions of RhoA and its effectors, including RhoA-activated protein kinase (ROCK; [@B27]). Those studies have been translated into an improved understanding of the role that RhoA and ROCK play in a broad range of biological contexts, including cardiovascular development ([@B27]; [@B54]). Our observation that different LINC complex proteins have opposing roles in regulating RhoA in HeLa cells is therefore likely relevant to understanding the role of LINC complexes in health and disease. A central paradox of EDMD and CDM caused by mutations in nuclear envelope proteins is that defects in nuclear morphology and mechanics are found in virtually all cell types, whereas the disease phenotypes emerge specifically in the heart and skeletal muscle. Our data suggest that the muscle-specific pathologies arise in part due to the failure to properly assemble contractile actin-based structures, which are critical for the function of heart and skeletal muscle. Indeed, stress fibers and nascent muscle myofibrils are similar in composition and mechanism of assembly, including their mutual dependence on RhoA ([@B51]; [@B2]). It will be interesting to explore RhoA activity in experimental models for EDMD and DCM.

MATERIALS AND METHODS
=====================

Cell culture and stable cell line production
--------------------------------------------

HeLa cells that contain a single copy of a Flp-recombination target (FRT) site within the genome and express the tetracycline repressor protein were maintained in DMEM supplemented with 10% tetracycline-free fetal bovine serum (FBS; Clontech), 15 μg/ml blasticidin (InvivoGen, San Diego, CA), 200 μg/ml Zeocin (InvivoGen) and penicillin/streptomycin (ThermoFisher, Carlsbad, CA) at 37°C in a humidified incubator with 5% CO~2~. Stable cell lines containing doxycycline-inducible transgenes were generated using the Flp-In system (ThermoFisher). Briefly, the described cDNA was cloned into pcDNA/FRT/TO and transfected with pOG44 (which expressed the Flp recombinase) at a ratio of 1:10 using FuGENE (Promega, Madison, WI) into HeLa cells at ∼50% confluence. All transfections were performed in DMEM plus FBS in the absence of antibiotics. After 48 h, cells were split to low density in medium with the antibiotics described except that Zeocin was replaced by 200 μg/ml hygromycin B (Invitrogen, Carlsbad, CA). Multiple independent clones from each transfection were pooled after 2 wk of selection to create a polyclonal stable cell line. Doxycycline at 0.1 μg/ml was added to cell lines for 24--48 h to induce transgene expression.

RNA interference
----------------

HeLa cells were transfected with control, Sun1, or Sun2 small interfering RNA (siRNA) SMARTpools (GE/Dharmacon, Lafayette, CO) at a concentration of 50 nM using Lipofectamine RNAiMAX (Invitrogen) according to manufacturer's instructions. siRNA treatments were allowed to proceed for 48--60 h before cells were prepared for analysis by immunofluorescence, Western blotting, or qPCR.

Antibodies and reagents
-----------------------

Rabbit polyclonal antibodies against Man1, Sun2, emerin, and GFP were made by the Carroll lab and are available upon request. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 2118; Cell Signaling, Danvers, MA), Sun1 (124770; Abcam, Cambridge, MA), lamin A/C (Santa Cruz Biotechnology, Santa Cruz, CA; 20681 for Western blots and 7292 for immunofluorescence), SM22 (14106; Abcam), vinculin (V4505; Sigma-Aldrich, St. Louis, MO), and β-actin (47778; Santa Cruz Biotechnology) were purchased and used as directed by the manufacturer. For immunofluorescence, goat anti-mouse or goat anti-rabbit Alexa 647, Alexa 555, Alexa 568, and Alexa 488 (Life Technologies, Carlsbad, CA) secondary antibodies were used at a dilution of 1:500. For immunoblotting, horseradish peroxidase--coupled goat anti-mouse or goat anti-rabbit (Cell Signaling) secondary antibodies were used at an appropriate dilution according to the manufacturer's instructions. Actin filaments were visualized using Alexa 488-- or Alexa 568--conjugated phalloidin (Life Technologies) according to the manufacturer's instructions.

Preparation of protein extracts for Western blotting and RhoA-GTP isolation
---------------------------------------------------------------------------

Cells from one well of a six-well plate were washed twice with ice-cold phosphate-buffered saline (PBS), scraped from the well in 1 ml of cold PBS, and collected by centrifugation at 200 × *g* for 5 min at 4°C. Lysis was performed in 60 μl using 50 mM Tris, 8 M urea, pH 7.4, or RIPA (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100) in the presence of protease inhibitors. Protein concentrations were measured by Bradford's assay. A 20-μg amount of total protein from each sample was used for SDS--PAGE and Western blotting. The level of RhoA GTP in cells extracts was measured as previously described ([@B49]).

Indirect immunofluorescence and confocal microscopy
---------------------------------------------------

Cells were grown on acid-washed glass coverslips coated with 50 μg/ml fibronectin (Sigma-Aldrich) before preparation for immunofluorescence and imaging. For immunofluorescence, cells were fixed in PBS plus 4% formaldehyde for 10 min, washed twice with PBS, and permeabilized for 5 min in PBS plus 0.2% Triton X-100. After permeabilization, blocking buffer (BB; 1× PBS plus 2% bovine serum albumin) was added to the cells for 30 min, followed by primary antibody in BB for 60 min at room temperature. After three 5-min washes with BB, cells were treated with the appropriate secondary antibodies in BB for 60 min. Cells were then washed three times for 5 min in BB, stained with Hoechst stain (2 μg/ml in BB) for 5 min, washed twice in BB and twice times in PBS, and then mounted on a slide using ProLong Gold antifade reagent (Molecular Probes) for imaging. Images were captured on a Zeiss LSM 710 Duo laser scanning confocal microscope using a 63× oil immersion objective. The analysis of focal adhesion size and intensity was performed using a custom macro developed in ImageJ. Briefly, after subtracting the background fluorescence, focal adhesions were segmented using an automated threshold function, and the size and intensity of individual focal adhesions were quantified.

RNA isolation, first-strand cDNA synthesis, and quantitative real-time PCR
--------------------------------------------------------------------------

mRNA was isolated from HeLa cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany) with on-column DNase treatment according to manufacturer's protocol. cDNA was synthesized with a SuperScript First-Strand synthesis system (Invitrogen) using 200 ng of mRNA and an oligo dT oligonucleotide according to manufacturer's protocol. Quantitative real-time PCR was performed using SYBR green detection in a CFX96 Real-Time system (Bio-Rad, Hercules, CA). qPCR primers were designed using National Center for Biotechnology Information Primer-BLAST software as follows: vinculin, 5′ATTTGATGAGAGGGCAGCTA and 5′ATGCCTTCCACTGTTGATTT; SRF, 5′ACTGCCTTCAGTAGGAACAA and 5′TTCAAG­CACACACACTCACT; lamin A, 5′ACCC­AT­CTCCTCTGGCTCTT and 5′TTCTGGGGGCTCTGGGTT; Sun2, 5′TTAACCAGGCGCTTCTCGTC and 5′ACCAAAGCAGGGTGGA­ATGT; Sun1, 5′TCGACGGCCTCCTGTATTG and 5′TGGCAGCTTTATTTCCACCTTTA; SM22, 5′GCAGAGGAATTGATGGAAACCAC and 5′CTGGGGAAAGCT­CCTTGGAAGT; and GAPDH, 5′TGCA­CCACCAACTGCTTAGC and 5′GGCATGGACTGTGGTCATGAG. mRNA levels were calculated using the *dCT* method after normalization to GAPDH mRNA.
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EDMD

:   Emery--Dreifuss muscular dystrophy

INM

:   inner nuclear membrane

KASH

:   Klarsicht, ANC-1, and Syne homology

LINC

:   Linker of Nucleoskeleton and Cytoskeleton

ONM

:   outer nuclear membrane

SUN

:   Sad1, UNC84.
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